Photochemical methods facilitate the generation, isolation, and study of metastable nanomaterials having unusual size, composition, and morphology. These harder-to-isolate and highly reactive phases, inaccessible using conventional high-temperature pyrolysis, are likely to possess enhanced and unprecedented chemical, electromagnetic, and catalytic properties. We report a fast, low-temperature and scalable photochemical route to synthesize very small (~3 nm) monodisperse cobalt oxyhydroxide (Co(O)OH) nanocrystals. This method uses readily and commercially available pentaamminechlorocobalt(III) chloride, [Co(NH 3 ) 5 Cl]Cl 2 , under acidic or neutral pH and proceeds under either near-UV (350 nm) or Vis (575 nm) illumination. Control experiments showed that the reaction proceeds at competent rates only in the presence of light, does not involve a free radical mechanism, is insensitive to O 2, and proceeds in two steps: (1) Aquation of [Co(NH 3 ) 5 Cl] 2+ to yield [Co(NH 3 ) 5 (H 2 O)] 3+ , followed by (2) slow photoinduced release of NH 3 from the aqua complex. This reaction is slow enough for Co(O)OH to form but fast enough so that nanocrystals are small (ca. 3 nm). The alternative dark thermal reaction proceeds much more slowly and produces much larger (~250 nm) polydisperse Co(O)OH aggregates. UV-Vis absorption measurements and ab initio calculations yield a Co(O)OH band gap of 1.7 eV. Fast thermal annealing of Co(O)OH nanocrystals leads to Co 3 O 4 nanocrystals with overall retention of nanoparticle size and morphology. Thermogravimetric analysis shows that oxyhydroxide to mixed-oxide phase transition occurs at significantly lower temperatures (up to T = 64 degrees C) for small nanocrystals compared with the bulk.
■ INTRODUCTION
Nanotechnology is rapidly evolving toward the fabrication of ever more complex heterostructured nanomaterials with precise morphology, composition, and properties. 1−3 Traditional nanomaterial syntheses rely heavily on thermal decomposition or "pyrolysis" of precursors in high-boiling solvents at high temperature, often in excess of 250−300°C. Under such conditions, isolating highly reactive and unstable nanocrystal phases can be challenging. An example is doped nanocrystals, where the dopants or chemical "defects" sit within just a few lattice parameters from the nanocrystal surface and get easily thermally extruded, diffusing away in favor of a more stable homogeneous lattice under typical synthesis temperatures. 4, 5 These limitations severely narrow the range of metastable nanocrystalline phases that can be built through traditional high temperature pyrolysis. This problem is of particular timeliness and relevance because it is harder to isolate the more reactive metastable phases that are most likely to possess enhanced magnetic, chemical, and catalytic properties and perhaps also unprecedented optoelectronic properties.
Photochemistry is regularly employed by molecular chemists to generate highly reactive species. Similarly, light may be an ideal tool for building metastable nanomaterials. 6 Light-induced reactions usually proceed through alternate pathways at low temperature. Chalcogenide-based nanomaterials such as bismuth selenide nanocrystals 7 and tellurium nanorods, 8 which previously could not be prepared thermally (by simple heating), were recently prepared photochemically. Surfacebound platinum and palladium nanoparticles were selectively photodeposited along site-specific segments of axially graded semiconductor nanorods by carefully selecting the irradiation wavelength. 9, 10 Soluble gold nanoparticles 11 and gold nanorods 12 and oxides such as ceria nanocrystals 13 were also prepared with the aid of light.
Cobalt oxyhydroxide (Co(O)OH), also referred to by its mineral name of "heterogenite", is an example of a metastable phase that can be difficult to isolate on the nanoscale using conventional preparative methods. Co(O)OH is an active component in gas (CO) sensing and detection, oxygen evolution catalysts, and alkaline (Li) batteries.
14 Isolating Co(O)OH requires stabilizing Co(III) against Co(II) under basic conditions while preventing formation of Co 3 O 4 , a common byproduct, 15−17 or precipitation of cobalt hydroxides. 18, 19 Typical preparations involve treating Co(OH) 2 or other Co(II) source with an oxidant such as hydrogen peroxide (H 2 O 2 ) or sodium hypochlorite (NaClO) at pH ∼14.
20−23
These thermal reactions are usually slow, taking up to 18 h at 45°C or 6 h at 120°C. 14, 20 They tend to produce large ca. 500 nm aggregates of clustered 20 nm × 20 nm hexagonal nanocrystals, although certain conditions yield isolated 120 nm × 120 nm hexagonal nanocrystals. 14, 20 Chelate(EDTA)-and sonication-assisted syntheses produce even larger Co(O)OH aggregates. 24, 25 Spatially constrained or "caged" syntheses have been performed using Ferritin as a template to control particle size.
26−28
Here we describe a room temperature (RT) photochemical synthesis of small ca. 3 ). Absorption Spectroscopy. Ultraviolet−visible-near-infrared (UV−Vis-NIR) absorption spectra were recorded with a photodiode array Agilent 8453 spectrophotometer. Solvent absorption was subtracted from all spectra. We estimated the absorption coefficient of ca. 3 nm Co(O)OH nanocrystals to be ε = 8.0 × 10 4 M −1 ·cm −1 at 680 nm (1.82 eV) and ε = 1.6 × 10 6 M −1 ·cm −1 at 360 nm (3.44 eV). X-ray Diffraction. Powder X-ray diffraction (XRD) data were measured using a Scintag XDS-2000 diffractometer equipped with a theta−theta goniometer, a sealed-tube solidstate generator providing Cu Kα radiation, and an air-cooled Kevex Psi Peltier silicon detector.
Transition Electron Microscopy (TEM). TEM was conducted on carbon-coated copper grids using a FEI Technai G2 F20 field-emission scanning transition electron microscope (STEM) at 200 kV. Elemental composition was characterized by energydispersive spectroscopy (EDS) in STEM mode.
Thermogravimetric Analysis (TGA). TGA was conducted on a TA Instruments 2950 TGA at ISU's Materials Analysis
The Journal of Physical Chemistry C Research Laboratory. The sample was heated in N 2 to 520°C at a rate of 20°C/min and at a resolution of 5.0°C.
Computational Details. Computations were completed on the CRUNCH system supported by the Computation Advisory Committee of Iowa State University. Band gaps were determined by calculating the DOS diagram and band structure using the Vienna ab initio simulation package (VASP). Projector-augmented wave (PAW) pseudopotentials 31 and the Perdew−Burke−Ernzerhoff (PBE) generalized gradient approximation (GGA) 32 were used. A Monkhorst-Pack k-points grid of 12 × 12 × 4 was used to sample the first Brillouin zone for reciprocal space integration. We utilized the GGA+U method to describe better the experimentally observed band gap. We determined that a value of U = 3.2 eV gave the best agreement with experiment. 2+ become brown, with two new, very intense bands appearing at 360 (λ max ) and 650 nm (shoulder). After 350 nm irradiation for 70 min, the initial absorption peaks from [Co(NH 3 ) 5 Cl] 2+ are no longer visible. Centrifugation of this solution results in the separation of a brown powder that can be resuspended in methanol. The pH of the supernatant is 8.8. We later observed that the brown powder, which consists of nanocrystalline Co(O)OH (see below), also forms when 575 nm light is used and even when the reaction is run in the absence of acid, in which case the initial solution pH is 6.5 while the supernatant pH is 8.8.
Powder XRD shows that the brown precipitate consists of crystalline cobalt oxyhydroxide, Co(O)OH (Figure 2 Figure 4 ). This morphology agrees well with the crystalline domain (grain size) of ca. 3.2 nm obtained from XRD peak widths (Table 1) . 35 High-resolution (HR) TEM shows lattice (Figure 1 ). After separation of the brown precipitate by centrifugation, the colorless supernatant has a pH of 9.1 and is completely transparent in the 300−1100 nm spectral region. However, in contrast with the small and highly crystalline nature of the photochemically produced Co(O)OH, TEM micrographs show the thermally prepared Co(O)OH consists of large aggregates of 70 nm × 10 nm crystalline rods embedded within larger ca. 250 nm amorphous flake-like regions (Table 1, Figure 5 ). 14 The crystalline domain (grain size) obtained from XRD peak Figure 6 ). This implies that neither hexaaquacobalt(III) nor hexaaquacobalt(II) is a competent intermediate in forming Co(O)OH.
Given the relative instability of Co(III) in aqueous solutions in the absence of strong field ligands, we then considered the possibility that a redox process could be involved during the formation of cobalt oxyhydroxide (Co(O)OH). Specifically, we tested whether molecular oxygen, O 2 , from air 21 3+ . This leads to the formation of cobalt oxyhydroxide, however, at a much slower rate, requiring ca. 18 h to produce significant amounts of Co(O)OH precipitate after centrifugation (entry 3 in Table 2 , Figure 6 ). Therefore, a labile Co-halide(Cl) bond in the [Co(NH 3 ) 5 Table 2 ). All of the data suggest that the size of the nanocrystals is determined by the rate of photoinduced release of NH 3 from [Co(NH 3 ) 5 
. The rate is low enough for Co(O)OH to form but high enough so that nanocrystals are small (ca. 3 nm) and do not aggregate as they do in the slower thermal reaction. Interestingly, a recent paper reported the photochemical preparation of porous nanocrystals of different metal oxides and Co(O)OH under UV-illumination. Co(O)-OH nanoflowers were made from cobalt(II) sulfate heptahydrate (CoSO 4 ) and potassium persulfate (K 2 S 2 O 8 ) in water. However, the reported particle sizes were much larger, attesting to the importance of using [Co(NH 3 ) 5 Cl] 2+ salts as precursors to obtain small Co(O)OH nanocrystals. 43 Finally, we also sought to obtain a better understanding of the intermediate(s) involved in the reaction and its overall kinetics. For this, we irradiated a solution of pentaamminechlorocobalt(III) chloride, [Co(NH 3 ) 5 Cl]Cl 2 , starting at pH 6.5. Every 4 h, the reaction mixture was centrifuged, the formed Co(O)OH precipitate was removed, and the absorption of the supernatant recorded. The supernatant was then irradiated again for 4 h. This procedure was repeated four times, for a total irradiation time of 16 h. The resulting series of spectra obtained for the supernatant solution show that the initial [Co(NH 3 ) 5 Cl] 2+ ion is first transformed to the aquation product, [Co(
, in under 4 h, as evidenced by a blue shift in λ max from 525 to 509 nm, respectively (Figures 1 and 7) . The estimated apparent rate of reaction is ∼0.4 mM/h with a first half-life of ∼9 h.
Computational Modeling. We used the Vienna ab initio simulation package, VASP v. 4.6, and the GGA+U method with PBE pseudopotentials to model and estimate the bulk bandgap of cobalt oxyhydroxide, Co(O)OH. We implemented a Hubbard U parameter 44 to better describe the localization of the electrons around the Co 3+ ions and thus provide a realistic band gap. The GGA+U method provided an accurate description of the band gap in Co 3 O 4 . 45 Previous quantum chemical modeling yielded a Co(O)OH band gap of 1 eV. 46 A DOS diagram computed using U = 3.2 eV shows a band gap of ∼1.7 eV (Figure 8 ). This is a close fit with our experimental absorption data for thermally prepared Co(O)OH nanocrystals, which show a first absorption peak (shoulder) at ∼710 nm (1.7 eV) (Figure 1 ). In contrast, photochemically prepared Table 1 ), we conclude that there is some degree of quantum confinement in the latter. Using only GGA-PBE yielded a band gap of 0.6 eV (2,067 nm). Adding U = 1.0 eV gave a band gap of ca. 1.0 eV (1240 nm), whereas a value of U = 4.0 eV gave an unrealistically large band gap of 2.0 eV (620 nm). The partial DOS diagram shows that the d orbital splitting in Co 3+ is the source of this band gap (Figure 8 ). Thermal Analysis. We used TGA to probe the temperature-induced mass loss of photochemically and thermally prepared Co(O)OH (Figure 9) Figure 9 ).
47−52
Preparative Transformation of Co(O)OH into Co 3 O 4 Nanocrystals. On the basis of our TGA analysis, we explored the synthetic utility of Co(O)OH in making Co 3 O 4 nanocrystals. 14,20,53−55 Heating the photochemically prepared Co(O)OH to 250°C for 30 min or the thermally prepared Co(O)OH to 280°C for 30 min leads to the formation of cobalt(II,III) oxide, Co 3 O 4 , as confirmed by UV−Vis and XRD. In both cases, the UV−Vis spectrum of the annealed product is significantly redshifted compared with the starting material, with new λ max appearing at 400 nm (3.1 eV) and 750 nm (1.7 eV) (Figure 1 ). The reddest peak (band offset) is not far from the literature band gap of 1.5 eV (827 nm), 56 and is visually manifested by a color change from brown for Co(O)OH to very dark/off-gray for Co 3 O 4 . The powder XRD pattern of the annealed samples shows the disappearance of the major Co(O)OH peak at 2θ = 20°and the appearance of a smaller Co 3 O 4 peak at 2θ = 18° (  Figure 2 Figure 5 ). To the best of our knowledge, this is one of the smallest sizes reported for free Co 3 O 4 nanocrystallites in the literature. 57 In contrast, TEM micrographs of Co 3 O 4 nano- , followed by (2) slow, autocatalytic release of NH 3 from this complex. This reaction is slow enough for Co(O)OH to form but fast enough so that nanocrystals are small (ca. 3 nm). The alternative dark thermal reaction proceeds much more slowly and produces much larger (∼250 nm) polydisperse Co(O)OH aggregates. UV−Vis absorption measurements and ab initio calculations yielded a Co(O)OH band gap of 1.7 eV. Fast thermal annealing of Co(O)OH nanocrystals leads to Co 3 O 4 nanocrystals with overall retention of nanoparticle size and morphology. TGA showed that the oxyhydroxide to mixed-oxide phase transition occurs at significantly lower temperatures (up to ΔT = 64°C) for small nanocrystals compared with the bulk material. We expect that the use of similar photochemical methods will permit the generation, isolation, and study of other metastable nanomaterials of unusual size, composition, and morphology. These harder-to-isolate and highly reactive phases, inaccessible using conventional high-temperature pyrolysis, are likely to possess enhanced and unprecedented chemical, electromagnetic, and catalytic properties. 
